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theory, which adopts on developing the preliminary rotor blade geometry in terms of
pitch angle. The modification of the blade pitch angle was based on the maximum wind
speeds in the empty flanged diffuser at rotor position along the blade sections. The
models of rotor and diffuser were fabricated and experimented in the wind tunnel. The
experimental tests were conducted to calculate the power at a different wind velocity
ranged 5 - 9 m/s. The performance tests were in terms of power coefficient, Cp and
torque coefficient, Cq as a function of the tip speed ratio as well as maximum power as
a function of the wind velocity. The results show the rate of increase in the maximum
power producing for the FDAWT with the modified rotor up to 291% more than what
it is for the preliminary bare HAWT, while this increase was only 257% for FDAWT with
the preliminary rotor.
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1. Introduction

Wind turbines represent the focus of researchers and scientists to produce power from wind for
decades. Flowing of wind through the turbine rotor leads to the production of mechanical energy
that can be used in many applications specially to produce electricity. However, power produced by
wind turbine is dependent on the Betz limit; an ideal type can extract only 59.3% of incoming energy
[1-2].

* Corresponding author.
E-mail address: balasemalquraishi@atu.edu.iq

https://doi.org/10.37934/arfmts.72.1.124137

124



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 72, Issue 1 (2020) 124-137

Various types of wind turbine exist in different sizes, Horizontal axis wind turbine (HAWT) is one
of these types. HAWT that have a rotor diameter of 1.25 m or less called a micro wind turbine. This
type of turbine can be used to produce power in urban areas [3-4]. Several studies have been
conducted to predict and develop the performance of HAWT. Some of these studies have been
carried out either practical tests or simulation. Improving of HAWT performance can achieved by
shrouded the turbine in a diffuser in this case it’s called Diffuser Augmented Wind Turbine (DAWT)
[5]. Many studies were conducted in this field, the augmentation of power factor was achieved of 2
to 5 [6]. The power coefficient and optimum tip speed ratio (A) for DAWT much higher than bare
turbine. The reason of tip speed ratio increases because increase of mass flow rate through rotor
plane, where this increase produced from the pressure drop at diffuser outlet, so the rotor needs to
rotating with a higher rpm [6]. Since DAWT performance enhancement depends on several factors
including the diffuser shape and geometries, the diffuser parameters design are most important
factors affected on the performance [7-8]. The diffuser with a flange at the exit at the proper height
can increase wind velocity hence augmented the power of DAWT. So, the results of experimental and
simulation study of small DAWT prove the power augmentation of DAWT-with flange reach to 1.58
higher than DAWT-without flange while it reached 2.8 over bare HAWT for the same rotor [9]. The
DAWT studies have not only developed the distributor's parameters but have also gone beyond that.
Some studies have focused on re-designing rotor blade suitable for the DAWT design which is a bit
like the behavior of conventional studies to develop bare HAWT as in Jabbar and Sanke [10] and El
khchine and Sriti [11] that adopted the blade element momentum (BEM) theory. Improving rotor
blade geometry is one of the factors that controlled the DAWT performance so, in a study to optimize
the rotor design by Van Dorst [12] through present a two developed design of blade (optimal and
linearized), the power measurements showed that the power coefficient of the DAWT with the
developed blade is increased with 15% over the DAWT with old blade. Fletcher [13] developed BEM
computational analysis including wake rotation and blade Reynolds number effects, and introduces
two empirical parameters: the exit pressure coefficient and the diffuser efficiency, to incorporate the
influence of the diffuser into the analysis. With that approach, he obtained good agreement for
power coefficient and turbine axial velocity with experimental results. The 1D mathematical model
presented by do Rio et al., [14] which adopt an extended in BEM theory for blade design suitable for
DAWT, where it is possible to evaluate the performance of the wind turbine under the effect of the
diffuser, considering the geometry of the wind blade. The model had low computational cost due to
the fact of being based on the BEM model and presents good agreement with experimental data. In
the own previous study [9], the model of flanged diffuser augmented wind turbine (FDAWT), which
was flanged diffuser that encloses the bare HAWT rotor (preliminary rotor), which was designed
adopted the conventional BEM theory.

In the present paper, theoretical design and the experimental test was carried out to study the
performance of a small scale DAWT with the best configuration for the flanged diffuser and according
to the modified BEM theory for rotor design (modified rotor). The experiments performance was in
terms of power, power coefficient, and torque coefficient. The study also included a comparison for
the performance of flanged diffuser augmented wind turbine with modified rotor (DAWT-MR) to the
previous models of a flanged diffuser augmented wind turbine with preliminary rotor (DAWT-PR) and
Bare HAWT (BHAWT) presented in the previous study.
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2. Methodology
2.1 Mathematical Model

Several studies have focused on the development of wind turbine performance through develop
of BEM theory and have undergone some modifications to improve power [15]. But in case of
enclosing wind turbine in a duct, which is called diffuser augmented wind turbine (DAWT), some
researchers used the conventional BEM theory, while others took into account the effect of thrust
(due to in the presence of the duct) on the BEM theory.

2.1.1 Adoption of conventional BEM theory

In the previous study [9], the HAWT was enclosed by a flanged diffuser, where the rotor blade
was designed based on the conventional BEM theory (for the bare turbine) which is combined of
classic momentum and blade element theory. The classical momentum theory was represented the
wind turbine as actuator disk based on assumptions as: incompressible, steady flow, no friction,
infinite of blades, uniform thrust over the disk, non- rotating wake, and undisturbed ambient static
pressure for far-field flow [16]. The classical momentum control volume of bare HAWT are shown in
Figure 1. The velocities V; and V; at the disc and in the wake, respectively are written respect to
upstream wind velocity, V., (m/s) as follow:

Vi=V,=V,(1—-a) (1)
Vg =Vo(1—2a) (2)
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Fig. 1. Classical momentum control volume [16]

The angle of relative wind (¢) based on conventional BEM theory can be calculated from Figure
2 as follow in Eq. (3), where a and a; Axial and tangential induction factor for bare turbine, Q is
Angular velocity of the rotor (rad / s) and r is Radial position (m).

_ Veo(1-a)
tan((p) - Qr(1+as) (3)
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2.1.2 Adoption of modified BEM theory

In this study the design of HAWT suitable for DAWT done depends on extension BEM theory
presented by do Rio et al., [14] which considered effect of diffuser on performance of wind turbine,
which is required a develop in blade profile to be suitable for DAWT, so this theory adopted a
modifying the blade in terms of pitch angle with maintaining the other parameters. The classical
theory with diffuser a similar formulation is used with considering losses through the diffuser. Figure

L;

Rotor axis

Fig. 2. Blade section geometry definition based on
conventional BEM theory [16]

3 shows the control volume for the actuator disc with diffuser.
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Shrouding the turbine rotor by a diffuser causing an increase in mass flow through the rotor due
to pressure drop downstream, therefore resulting in an increase in velocity arriving at the rotor.
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Figure 4 illustrates a typical velocity profile on the symmetry axis of a diffuser without the turbine, €,
is ratio of maximum axial velocity at empty diffuser (V') to upstream velocity (V).

_w
€=t (4)

From Figure 3, the velocities V/; and V; at the disc and in the wake, respectively, are written as
Vi=V, =Vo(1—a*)e (5)
In case no losses in diffuser, V; calculate as

Va = Voo (1 = 2a%) (6)
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Fig. 4. Axial velocity profile of a diffuser without turbine [14]
Based on Figure 5, ¢ based on modified BEM theory are

tan(g) = [6 % (7)

where: a* and a; are Axial and tangential induction factor for wind turbine with diffuser (DAWT)

From Figure 2 and Figure 5, the pitch angle (£) of the blade is defined in Eq. (8), where a is Angle
of attack (deg).

F=¢p-a (8)

The coefficients of normal (C,,) and tangential forces (C;) are defined by Eq. (9) and Eq. (10),
where C; and Cp are lift and drag coefficient

C, = C,, cos(¢) + Cp sin(p) (9)

C, = C, sin(¢p) — Cp cos(p) (10)
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The axial and tangential induction factors for DAWT determined by

. _ €’oCy
- 4 sin?2(p)+e2 o Cy (11)
a; 7t (12)

= 4 sin(¢) cos(p)— o C¢

where ¢ is blade solidity defined in Eq. (13) as function of number of blade (B ) and chord length(c).

o =25 (13)
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Fig. 5. Blade section geometry definition based on
modified BEM theory [14]
2.2 Description of DAWT Model
The model of DAWT in this study is consist of HAWT shrouded by flanged diffuser, which it is
called flanged diffuser augmented wind turbine [9]. The turbine rotor is a small-scale of 1:6.5 with

three blades of NACA SD8000 [17]. Thus, the parameters design of turbine model is shown in Table
1.

Table 1

The main parameters of rotor design
Rotor diameter (Dr) 15.4 cm
Hub diameter (Dn) 2.61cm
Blade span length (/) 6.39cm
Blade root length (/) 0.92cm
Number of blades (B) 3
Number of elements per blade 10
element radial distance (d) 0.77 cm
Airfoil type NACA SD8000
Angle of attack (a) 5

Design tip speed ratio (A)d 5

Design wind velocity (V)d 10 m/sec
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The diameter and length of diffuser that used to shroud the turbine are 16 cm and 8 cm
respectively with expansion angle of 12°, 3mm wall thickness and flange height of 3.2 cm at two
configurations of flange angle 0° and 5° as presented in a previous study [8]. The best performance
for the diffuser was found out with flange angle of 0°, so this design was adopted to calculate the €
value at ten sections along of blade at the position of turbine rotor based on the 2- D CFX, which was
adopted in own previous study [8] as shown in Figure 6. The diffuser was placed at 60 cm from inlet
test domain. No slip wall, for a diffuser and bottom domain were considered, as well as the model is

symmetric about the axis.
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Fig. 6. The 2-D axisymmetric S|mulat|on domain for the flanged diffuser

wo (g

The procedure for design calculation of modified rotor blade for each radial section along the
blade are based on the equations that mention above using Mat lab program and define the
parameters of (V, r, c(r), €(r) a, C;, and Cp ) which considered same whose in preliminary rotor
blade. The programming steps of calculation the pitch angle of modified blade was be as following.

i.  Define the initial values of a* =1/3 and a; =0.

ii.  Calculate ¢ by using Eq. (7)

iii.  Calculate C,, and C; using Eq. (9) and Eq. (10)

iv.  Calculate new values of a* and a; using Eq. (11) and Eq. (12)

v.  Calculate error |Q;er+1 — @iterl
vi.  Calculate § using Eq. (8)

vii.  Table 2 illustrate the design parameters of the blade for the preliminary rotor (PR) and
modified (MR) rotor blade included the values of the ratio of maximum axial to upstream
wind velocity (€) in the diffuser for each element.

Table 2

The geometry design parameters of preliminary rotor (PR) and modified rotor (MR) blade

section r/R Chord length (c) Pitch angle (B)-PR € Pitch angle (B)-MR (deg)
(cm) (deg)

1 0.2 2.36 25 1.45875 31.3
2 0.29 2.05 18.1 1.46304 23.8
3 0.38 1.74 13.6 1.47079 19.6
4 0.47 1.48 10.5 1.48291 16.2
5 0.56 1.29 8.2 1.50222 13.6
6 0.64 1.14 6.5 1.53136 12
7 0.73 1.02 5.2 1.57422 10.5
8 0.82 0.91 4.1 1.68492 9.9
9 0.91 0.83 3.3 1.73168 8.8
10 1 0.77 2.5 1 2.5
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These data were used to redesign of rotor blade suitable to DAWT. The difference between
modified and preliminary rotor blade was in the geometry design in term of pitch angle (f) so, Figure
7 shows the comparison for the pitch angle between the two rotor blades from root to tip, in same
manner of Marco Torresi [18]. It can be observed an increase in § for the modified blade compare to
preliminary one. The increase was along of the element section except the last section at the tip, it
remains at same as preliminary design due to € value at this section is equals 1. Since the increase of
wind velocity at the rotor plane causes an increase in the angle of relative wind (¢), hence the pitch
angle must be increased, with a constant angle of attack (a) was considered. Moreover, the increase
of blade twisting help to rotating the rotor faster as possible.

3 ———————————————————————————
—O— Preliminary rotor blade
30 f —&— Modified rotor blade -
—~ 25 4
=1)]
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S 15k .
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Element radial position (1/R) (-)
Fig. 7. Comparison of pitch angle for the modified and preliminary
rotor blade

2.3 Experimental Set Up

The prototypes of rotor (containing three blades and hub) and flanged diffuser were modelled
using Solid Work 2017, then they manufactured from RGD450 material using polyjet 3D printing
technology as describe in Figure 8. The wind tunnel of Aerodynamic Lab, Faculty of Mechanical
Engineering and Manufacturing (FKMP), UTHM with test section of 125 cm x 40 cm x 40 cm is used
which can produced a maximum wind velocity of 40 m/s. The FDAWT is placed at a distance of 60 cm
from test section inlet [17]. The turbine is attached to a 3-phase AC 12-Watt alternator generator
which connected to a 6- diode full wave rectifier to convert the suppling power to a 1-phase DC [17],
[15], and [9]. The FLUKE 922 digital Airflow Meter with Pitot tube used to measure the velocity and
pressure of inlet air [19]. The angular velocity of the wind turbine was measured using non-contact
type, digital Tachometer ‘DT-2234B’ (RS 445-9557) [20]. The power calculations of FDAWT were
performed using A load control board that has been used in own previous study [17]. In this board,
16 of 12V, 1-Watt LEDs load were utilized and connected as a series electrical circuit. Since the power
generated is equal to multiplier voltage into the current, tow of ANEGN AN8002 AC/DC Digital Multi-
meters connected directly across the output power of the generator to record the voltage and the
current for each loading case [21]. The experimental setup is shown in Figure 9. The generator of the
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turbine is connected to load; the voltmeters were used to measure the voltage and current across
the load. By maintaining air velocity is constant, the load can be varied by operating more load (LEDs),
the voltage and current were recorded at each load. At the same time, the angular velocity is
recorded at each load. The experiment was repeated several times based on cases of the models.
The experiments for the model of FDAWT with MR was conducted and compared to the model of

FDAWT with PR at wind speed in the range from 5 to 9 m/s.

Flanged diffuser

Preliminary Rotor

Modified Rotor < ,
T—

(a) (b)

Fig. 8. FDAWT (Rotor and flanged diffusers models) (a)
modelling models, (b) prototype models

Load control board  Digital airflow meter ~ Rotor Flanged diffuser Generator

Laptop Digital Tachometer Test section

Fig. 9. The experimental set up testing of FDAWT
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Since wind power is source the mechanical power of wind turbine, which is the product of rotor
torque and angular velocity of rotor. So, the wind turbine performance is represented by the power
coefficient (Cp) which is defined as

Co = Pout _ QQ
Pwind 0.5pAV3

(14)

The most common method used to preview the power coefficient by graphing its values as
function with tip speed ratio (A) which is defined as

QR

7\=Voo

(15)

Moreover, torque coefficient (Cqy) can be considered as parameters for study turbine
performance, especially for DAWT [22-23]. Thus, Cq as a function of Cp defined as

__ Actualtorque Q __ Cp (16)
" Theortical torque ~ 05pARVZ A

Cq

where Q is actual rotor torque (N.m), Q is angular velocity (rad/s), p air density (kg/m?3), A is rotor
swept area, V,, is upstream wind velocity, and R is rotor radius.

3. Results and Discussion

The practical tests were performed to calculate the aerodynamic performance characteristics of
the turbine. Thus, the experimental tests have been performed to calculate the aerodynamic
performance characteristics of the turbine, of which most importantly, the power and turbine
coefficients. Although the turbine models designed in this study works within a different range of
upstream wind velocities including low speeds but the models were tested with a specific range of
speeds from 5 to 9 m/s. This range of speeds was considered for reasons, they are, the generator
used in the experiment difficult to start a rotation with low velocity less than 5, on the other hand,
high speed over 9 m/s may cause a break in rotor blades.

The mechanical power (Pout) of FDAWT was calculated experimentally from the voltage and
current recorded at each load with considering values for the mechanical and conversion efficiencies
for the generator. The angular velocity can be measured experimentally using tachometer in rpm, so
the actual torque can be calculated.

The coefficient of the turbine is usually expressed as a function of tip speed ratio, A which is
varying with rpm of a rotor. As such, the current study expressed of the performance in terms of
power coefficient, Cp and torque coefficient Co. Two velocities 7 and 8 m/s were chosen for
determining these two coefficients (Cp and Cq) as a function of tip speed ratio for the configuration
of FDAWT-MR (6f =0°) compare to FDAWT-PR (6 =0°). Figure 10 and Figure 11 show the power
coefficient as function of A at upstream wind velocity of 7 m/s and 8 m/s respectively. As can be seen
from plots, the power coefficient is increased as tip speed ratio increase until reach to a maximum
value, then trend to a little decrease because the rotor when rotate fast appear like air disk, so the
air is passed through it with less effect. The analysis of power coefficient can be used to observe for
torque coefficient analysis as in Figure 12 and Figure 13 at wind velocity of 7 m/s and 8 m/s
respectively. This is due to the torque coefficient is a function of power coefficient for the same tip
speed ratio. It has been observed from these figures that there is a marked increase in the amount
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of Cp and Cq in the DAWT- MR model as compare to their counterparts in DAWT-PR and It is also
more stable especially for Cq values.
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Fig. 10. Power coefficient as a function of tip
speed ratio at a wind speed of 7 m/s for FDAWT -
MR compare to FDAWT-PR
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Fig. 11. Power coefficient as a function of tip speed
ratio at a wind speed of 8 m/s for FDAWT - MR
compare to FDAWT-PR
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Fig. 12. Torque coefficient as a function of tip
speed ratio at a wind speed of 7 m/s for DAWT -
MR compare to FDAWT-PR

Tip speed ratio, A
Fig. 13. Torque coefficient as a function of tip
speed ratio at a wind speed of 8 m/s for DAWT -
MR compare to FDAWT-PR

The second criteria to represent of power coefficient and torque coefficient as mention above is
by adopted the maximum values of Cp and C,, respect to wind velocity in the range of 5 to 9 m/s, as
shown in Figures 14 and 15. By analyzing the figures one after the other, in Figure 14 it can observe
that the value of the Cp for FDAWT-MR (67 =0°) are increase by increasing the velocity of the wind
from the range of 5 to 7, then it was inclined to stability unlike FDAWT-PR (67 =0°) that is wobbly. The
model of FDAWT-MR (67 =0°) continues to maintain the highest of average Cp at 0.952 compare to
that calculated for FDAWT-PR (8¢ =0°) which was only 0.869. Figure 15 shows the torque coefficient,
Co asafunction to tip speed ratio. The graph exhibits the same behavior of C, because the torque
coefficient is related to power coefficient. Generally, it turns out that the DAWT-MR has been
achieving a significant increase in Cp and C, compare to DAWT-PR.
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Furthermore, it must be mentioned the performance of model design of FDAWT-MR (6f =0°)
compare to FDAWT-PR (6 =0°) and bare horizontal axis wind turbine (BHAWT) in terms of power
producing. The maximum power output as a function to wind velocity in the range of 5to 9 m/s is
illustrated in Figure 16 of the two models compare to the preliminary bare turbine model. It is evident
that the models of FDAWT at (6¢ =0°) with preliminary and modified rotor showed a significant
increase in power output compare to BHAWT. As wind velocity increases, the power output increase
of all models, but it is noticed that there is a boost in this increasing for the FDAWT-MR compared to
the others. The increase in the power output ratio of FDAWT-PR model at the wind velocity of 5 m/s
up to about 283.3% while it is reaching 299.4% for FDAWT-MR model at the same velocity condition.
At the wind velocity of 9 m/s, the maximum increase in power is about 262.3% in FDAWT-PR model
compared to BHAWT, while this increase up to 286.2% at FDAWT-MR model. In general, the rate of
increase in the maximum power producing of the FDAWT-PR model is 257%, while it is 291% for
FDAWT-MR model. Moreover, Figure 16 illustrated the maximum augmentation ratio of power

(PrpawT(6f=0")-MR / PHAWT—PR) iN @n average of 3.91.

9 r T r r T 6.0
[ [~e—BHAWT- (PR) 1ss
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Fig. 16. Comparison between FDAWT-MR and FDAWT-PR
relative to BHAWT
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4. Conclusion

In this paper, a small scale of FDAWT was presented with flanges angle (©5) of 0°. Due to the
increments of wind velocity in the diffuser (at rotor position) was not considered at the preliminary
rotor blade design, the blade geometry was developed to be more convenient for FDAWT. The rotor
blade design was adopted a modified blade element momentum theory based on developing the
blade geometry in terms of pitch angle. The theoretical result of the redeveloped rotor blade shows
that the modified blade has pitch angles along the blade greater than the preliminary blade. The
experimental tests were conducted at wind tunnel to calculate the power at a different wind velocity
ranged 5 - 9 m/s. the results show the rate of increase in the maximum power producing for the
FDAWT-MR up to 291% more than what it is for the preliminary bare HAWT, where this ratio increase
is much more what is in the model of FDAWT-PR. these increase due to wind velocity increase at the
rotor plane, Moreover, the increase of blade twisting (pitch angle) help to rotating the rotor faster
as possible and increase the torque, hence more power produced.
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